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DIVERSITY IN ORTHOGONAL FREQUENCY 
DIVISION MULTIPLEXING SYSTEMS 

RELATED APPLICATION 

This application claims the benefit of U.S. Provisional 
Application to Sayeed et al., entitled “Diversity in Orthogo 
nal Frequency Division Multiplexing Systems, filed Dec. 6, 
1999, Application No. 60/169,173. 

FIELD OF THE INVENTION 

The present invention relates to the field of transmission 
Systems. More particularly, the present invention relates to 
wireleSS transmission Systems. 

BACKGROUND OF THE INVENTION 

Orthogonal frequency division multiplexing (OFDM) 
Systems are employed or proposed in many commercial 
wireleSS data transmission Systems, for example, cellular 
telephones, digital audio broadcasting (DAB), and high 
definition television (HDTV). These applications require the 
transmission of data at very high rates ranging from a few 
hundred kb/s to a few Mb/s. 
OFDM systems are well known in the art of signal 

transmission. U.S. Pat. No. 5,610,908 to Shelswell et al., 
entitled “Digital Signal Transmission System Using Fre 
quency Division Multiplex,” discloses an OFDM system for 
Signal transmission, and is incorporated herein by reference. 

In OFDM systems, a high rate serial data stream is 
converted to Several parallel low rate data Streams So that the 
symbol duration of each of the data symbols transmitted in 
each of the parallel streams is very large in comparison to the 
expected channel delay spread. The channel delay spread 
arises from multipath Scattering. Multipath Scattering occurs 
when a transmitter transmits a data pulse and because of the 
data pulse reflecting off of natural and man-made objects, 
the data pulse becomes many pulses which arrive at the 
receiver at different times. The difference in time between 
the first and last of the multipath data pulses is the channel 
delay spread. Each one of the parallel data Streams are 
transmitted on a Sub-carrier frequency Such that the parallel 
data Streams are orthogonal to each other. Since the Sub 
carrier frequencies of the parallel Streams are less than the 
frequency of the Serial data Stream, the effects of delay 
Spread are greatly reduced. Hence, unlike in Single carrier 
transmission Systems, equalization is not a difficult task in 
OFDM systems. 

In the frequency domain, the bandwidth of each of the 
parallel data streams in the OFDM system is very small in 
comparison to the coherence bandwidth of the channel. The 
coherence bandwidth is the frequency range over which two 
frequency components will have a strong potential for 
amplitude correlation and is inversely related to the delay 
Spread. Strong amplitude correlation will result in portions 
of the channel being "flat” (i.e., having a constant amplitude 
and linear phase response). Portions where signals cancel 
each other out are referred to as flat fading regions. Large flat 
fading regions result in poor Signal reception at the receiver. 
Since the total transmission bandwidth is typically several 
times larger than the channel coherence bandwidth, Some of 
the parallel data Streams within the total transmission band 
width will be subjected to flat fading regions. The flat fading 
is referred to as Rayleigh fading. Rayleigh fading arises 
from the transmitted signal being reflected off of different 
objects and arriving at a receiver at different times. These 
multipath Signals create Standing waves at the receiver and 
result in poor signal reception. The bit error rate (BER) of a 
Signal tends to increase as a function of Rayleigh fading. Flat 
fading regions due to multipath Signals creating Standing 
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2 
waves will also arise in multiple transmitter Systems where 
each transmitter is transmitting the same signal. 

FIG. 1A illustrates a prior art orthogonal frequency divi 
sion multiplexing (OFDM) system transmitter 10 for use in 
a single frequency network (SFN) of transmitters. A SFN 
comprises more than one transmitters transmitting the same 
OFDM signal in order to increase broadcast coverage. In 
transmitter 10, data bits 12 are initially received at the 
transmitter 10. The data bits 12 are then encoded using a 
convolutional coder 14 which encodes the data bits 12 into 
a continuous bit stream (1S and 0s) in a known manner using 
an error protection code. After encoding, the continuous bit 
Stream is phase shift keyed using a phase shift keying PSK 
modulator 16 to obtain a stream of data symbols. 
The data Symbols are then frequency interleaved using 

frequency interleaver 18 to randomize the data. Interleaving 
is a data communication technique used in conjunction with 
error protection codes to reduce errors. In the interleaving 
process, coded data Symbols are reordered before transmis 
Sion in Such a manner than any two Successive coded data 
Symbols are separated in the transmitting Sequence. Upon 
reception, the interleaved coded data Symbols can be reor 
dered in their original Sequence, thus effectively spreading 
or randomizing the errors in time to enable more complete 
correction by a random error protection code. 
The symbols are then differentially encoded using differ 

ential coder 20. Differential encoding assists in making the 
data Signal insensitive to phase distortion. The differentially 
encoded complex Symbols are then fed into an inverse fast 
Fourier transformer 22. The inverse fast Fourier transformer 
22 shifts the data symbols from the frequency domain to the 
time domain for data transmission. The Signal generated by 
the inverse fast Fourier transformer 22 is an orthogonal 
Signal in the time domain Suited for data transmission. The 
time domain Signal is then transmitted by antenna 24. 

FIG. 1B illustrates a prior art orthogonal frequency divi 
sion multiplexing (OFDM) system receiver 30 for receiving 
Signals from a single frequency network (SFN) of transmit 
ters. In the receiver 30, an OFDM signal is received at a 
receiver circuit 34 through antenna 32. The OFDM signal is 
then transformed from the time domain to the frequency 
domain by fast Fourier transform (FFT)36. The transformed 
Signal is then differentially decoded and de-interleaved by 
differential decoder 38 and de-interleaver 40, respectively. 
Next the signal is passed through a PSK de-modulator 42 to 
convert the complex symbols back into a bit stream. The bit 
stream is then decoded by convolutional decoder 44 to 
obtain the original data bits 12 from transmitter 10. 
To improve Signal reception, many OFDM Systems, Such 

as digital audio broadcasting (DAB) systems, use a single 
frequency network (SFN) of transmitters broadcasting iden 
tical Signals in the same frequency band with the transmit 
terS Synchronized in time. The Signals from these different 
transmitters appear as multi-path energy at the receiver and 
may improve Signal reception because of frequency diver 
sity. 

Frequency diversity Schemes are used to develop infor 
mation from Several Signals transmitted over independently 
fading paths. The independently fading paths are combined 
to reduce the effects of flat fading regions. This Scheme 
minimizes the effects of flat fading regions since flat fading 
regions Seldom occur simultaneously during the same time 
interval on two or more paths. 
The transmit power and the distance between the trans 

mitters in a SFN are carefully designed So that the Signal 
paths from the different transmitters arrive within a specified 
guard interval of an OFDM frame so that intersymbol 
interference from adjacent OFDM frames can be avoided. In 
a SFN, depending upon the path delays, the combination of 
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Signal energies from two or more transmit Stations may lead 
to destructive addition of Some frequencies of the Signal at 
the receiver. In channels that have very Small delay spreads 
this destructive addition of the Signals will give rise to very 
poor performance gains. 

In a multipath environment, if the Signals from the trans 
mit Stations have very Small delay spreads, frequency diver 
sity is unavailable. To illustrate the effects of Small delay 
Spreads consider the following example for a digital audio 
broadcasting DAB system in a single frequency OFDM 
network. Consider two stations transmitting a 4 MHz wide 
Signal centered at a frequency of 2.4 GHz. If the receiver has 
only line-of-Sight reception from both transmit Stations and 
is located equi-distant from the two transmit Stations, at this 
location, as long as the path delay spread is not large (i.e., 
<50 m, corresponding to a delay difference of 0.167 us (50 
m/speed of light)), the receiver will experience a flat fading 
channel without any frequency diversity in the 4 MHz 
bandwidth of the signal, due to the coherence bandwidth 
being approximately 6 MHz (50 m/(300 Mm/sec)1 s6 
MHz which totally encompasses the bandwidth of the 
transmitted Signal. Thus, in this case the performance of the 
single frequency network (SFN) will be poor. Even if the 
path difference between the two transmit stations is about 
100 m, which corresponds to a delay difference of 0.33 us or 
channel coherence bandwidth of about 3 MHz, the perfor 
mance of the System will be poor because of inadequate 
frequency diversity. 

SUMMARY OF THE INVENTION 

The present invention discloses a method for increasing 
the performance of an OFDM single frequency network 
containing multiple transmitters. Increased performance in 
the OFDM System is accomplished by applying time varying 
offsets unique to each transmitter on the frequency compo 
nents of a data Signal. Varying the offsets of the frequency 
components at the individual transmitters decreases the 
correlation coefficient of the System, effectively reducing the 
coherence bandwidth. By reducing the coherence 
bandwidth, flat fading regions due to Rayleigh fading and 
Signal cancellation between transmitters can be reduced, 
thus providing Superior performance. 

The method comprises the Steps of generating a stream of 
complex Symbols, adding a phase rotation to the complex 
Symbols at individual transmitters where the phase rotation 
is unique to the individual transmitters, transforming the 
phase rotated complex Symbols from the frequency domain 
to the time domain, and transmitting the time domain Signal 
from the multiple transmitters. 

The broadcast System is comprised of multiple transmit 
ters. Each transmitter receives the same Stream of data to be 
transmitted. Each transmitter has a coder for generating a 
differential encoded complex Symbol at each transmitter, a 
rotator for adding a phase rotation to the differentially 
encoded complex Symbol, and an inverse fast Fourier trans 
form for transforming the differentially encoded complex 
Symbol from the frequency domain to the time domain. 

The present invention can also be incorporated into mul 
tiple receiverS receiving a signal from a single transmitter or 
from multiple transmitters. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a block diagram of an orthogonal frequency 
division multiplexer (OFDM) transmitter of the prior art; 

FIG. 1B is a block diagram of an orthogonal frequency 
division multiplexer (OFDM) receiver of the prior art; 

FIG. 2A is a block diagram of OFDM transmitters with 
phase rotation in a single frequency network (SFN) in 
accordance with the present invention; 
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4 
FIG. 2B is a block diagram of an OFDM receiver for 

receiving a signal from a SFN in accordance with the present 
invention; 

FIG. 2C is a block diagram of an OFDM transmitter in a 
multiple receiver transmission System in accordance with 
the present invention; 

FIG. 2D is a block diagram of OFDM receivers in a 
multiple receiver transmission System with phase rotation in 
accordance with the present invention; 

FIG. 3 is a graph illustrating de-correlation gains in a 
Rayleigh fading channel for multiple transmitters in accor 
dance with the present invention; 

FIG. 4 is a graph illustrating de-correlation gains in a 
Rayleigh fading channel for two transmitters in accordance 
with the present invention; 

FIG. 5 is a graph illustrating bit error rate (BER) perfor 
mance gains for a receiver located equi-distant from two 
transmitters in accordance with the present invention; 

FIG. 6 is a graph illustrating BER performance gains for 
a receiver located 200 meters from the center of two 
transmitters in accordance with the present invention; 

FIG. 7 is a graph illustrating BER performance gains for 
a receiver located 1500 meters from the center of two 
transmitters in accordance with the present invention; 

FIG. 8 is a graph illustrating BER performance gains for 
a receiver experiencing Single-path Rayleigh fading and 
having a Zero delay difference in accordance with the present 
invention; 

FIG. 9 is a graph illustrating BER performance gains for 
a receiver having a one micro-Second delay difference and 
traveling at 100 km/hr in accordance with the present 
invention; and 

FIG. 10 is a graph illustrating BER performance gains for 
a receiver having a one micro-Second delay difference and 
traveling at 5 km/hr in accordance with the present inven 
tion. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention discloses a method and apparatus 
for increasing diversity in a single frequency network of 
transmitters. By increasing the diversity of the System, the 
level of correlation between transmitted Signals is reduced, 
thus reducing the coherence bandwidth of the system. By 
reducing the coherence bandwidth, flat fading effects due to 
Rayleigh fading and Signal cancellation between transmit 
ters can be diminished. 

FIG. 2A illustrates a preferred embodiment of orthogonal 
frequency division multiplexing (OFDM) system transmit 
ters 100A, 100B, . . . , 100i in a single frequency network 
(SFN) in accordance with the invention. For descriptive 
purposes only transmitter 100A will be described, however, 
transmitters 100B through 100i operate in a similar manner. 
In transmitter 100A, data bits 102 are initially received at the 
transmitter 100A. The data bits 102 are then encoded using 
a convolutional coder 104A which encodes the data bits 102 
in a known manner. The convolutional coder 104A encodes 
the data bits 102 into a continuous bit stream (1s and 0s) 
using an error protection code. In the preferred embodiment, 
a data frame is defined to contain 2000 data bits. After 
encoding, the data frame is phase shift keyed using a phase 
shift keying (PSK) modulator 106A. In the preferred 
embodiment, the data bits of the data frame are pair-wise 
mapped into a four point constellation using quadrature 
phase shift keying (QPSK) to obtain complex symbols in 
which each Symbol represents a real and an imaginary 
component. By QPSK, the original 2000 data bits can be 
represented as 1000 complex symbols. It will be readily 
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apparent to one skilled in the art that other types of 
modulators, Such as a quadrature amplitude modulator 
(QAM), could be used instead of a PSK modulator without 
departing from the Spirit of the present invention. 

Next, the complex Symbols are frequency interleaved 
using frequency interleaver 108A to randomize the data. The 
complex Symbols are then differentially encoded using dif 
ferential coder 100A. Differentially encoding the complex 
Symbols assists in making the complex data Signal insensi 
tive to phase distortion. 

The differentially encoded complex symbols are then 
individually rotated by rotator 112A, with each transmitter 
100A through 100i introducing phase offsets to the complex 
symbols which are unique for each transmitter 100A through 
100i, to obtain unique phase offsets for the symbols at each 
SFN transmitter 100A through 100i. The rotated differen 
tially encoded complex Symbols are then fed into an inverse 
fast Fourier transformer (IFFT) 116A. The IFFT 116A shifts 
the data Symbols from the frequency domain to the time 
domain for data transmission. The Signal generated by the 
IFFT 116A is an orthogonal signal in the time domain Suited 
for data transmission. The time domain Signal is then 
transmitted by antenna 120A. 

FIG. 2B illustrates an orthogonal frequency division 
multiplexing (OFDM) system receiver 300 for receiving 
Signals from a single frequency network (SFN) of transmit 
ters. The receiver used in the preferred embodiment may be 
a known receiver capable of receiving and decoding an 
OFDM signal. In the receiver 300, an OFDM signal is 
received at a receiver circuit 304 through antenna 302. The 
OFDM signal is then transformed from the time domain to 
the frequency domain by fast Fourier transform (FFT) 306. 
The transformed signal is then differentially decoded and 
de-interleaved by differential decoder 308 and de-interleaver 
400, respectively. Next the signal is passed through a PSK 
de-modulator 402 to convert the complex symbols back into 
a bit stream. It will be readily apparent to one skilled in the 
art that other types of de-modulators, Such as a QAM 
de-modulator, could be used depending on the type of 
modulator used in the transmitter without departing from the 
spirit of the present invention. The bit stream is then decoded 
by convolutional decoder 404 to obtain the original data bits 
102 from transmitter 100A through 100i. Note that addi 
tional circuitry is not required at receiver 300 to handle the 
phase rotation introduced by rotators 112A through 112i in 
transmitters 100A through 100i, respectively. 

By introducing phase offsets through rotator 112A 
through 112i to the data symbols which are unique to the 
multiple transmitters 100A through 100i, the present inven 
tion applies time varying offsets to the frequency compo 
nents of the OFDM signal. By applying time varying offsets 
to the frequency components, the correlation of the data 
from the multiple transmitters is effectively reduced, thus 
offering improvements over the prior art in terms of fre 
quency diversity. 

The present invention can also be incorporated in multiple 
receivers receiving a signal from a Single transmitter. FIG. 
2C illustrates an embodiment of an orthogonal frequency 
division multiplexing (OFDM) system transmitter 400 for 
use with multiple receivers. The transmitter used in this 
embodiment may be a known transmitter capable of encod 
ing and transmitting an OFDM signal. In transmitter 400, 
data bits 402 are initially received at the transmitter 400. The 
data bits 402 are then encoded using a convolutional coder 
404 which encodes the data bits 402 into a continuous bit 
Stream (1S and 0s) in a known manner using an error 
protection code. After encoding, the continuous bit Stream is 
phase shift keyed using a phase shift keying (PSK) modu 
lator 406 to obtain a stream of data symbols. Different types 
of modulators, Such as quadrature amplitude modulation 
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6 
(QAM) modulators, could be used for modulator 406, with 
out departing from the Spirit of the present invention. 
The data Symbols are then frequency interleaved using 

frequency interleaver 408 to randomize the data. Interleav 
ing is a data communication technique used in conjunction 
with error protection codes to reduce errors. The Symbols are 
then differentially encoded using differential coder 410. 
Differential encoding assists in making the data Signal 
insensitive to phase distortion. The differentially encoded 
complex Symbols are then fed into an inverse fast Fourier 
transformer 416. The inverse fast Fourier transformer 416 
shifts the data symbols from the frequency domain to the 
time domain for data transmission. The Signal generated by 
the inverse fast Fourier transformer 416 is an orthogonal 
Signal in the time domain Suited for data transmission. The 
time domain Signal is then transmitted by antenna 418. 

FIG. 2D depicts an embodiment of a receiver system 500 
for receiving a differentially encoded OFDM signal from 
transmitter 400. The receiver system 500 comprises two 
antennas 503A, 503B for independently receiving the dif 
ferentially encoded OFDM signal 502 to form two indepen 
dent differentially encoded OFDM signals. The independent 
OFDM signals are passed from the two antennas 503A, 
503B to receiver circuits 504A, 504B, respectively. The 
OFDM signals are then transformed from the time domain 
to the frequency domain by fast Fourier transformers 506A, 
506B, respectively. Rotators 512A, 512B then separately 
phase rotate the individual symbols out of fast Fourier 
transformers 506A, 506B, respectively. Although two anten 
nas 503A, 503B, receiver circuits 504A, 504B, fast Fourier 
transformers 506A, 506B, and rotators 512A, 512B are used 
in the present embodiment, many more antennas, receiver 
circuits, fast Fourier transformers, and rotators could be 
employed in accordance with the present invention. 
The signals are then combined in combiner 510 and 

decoded. The process of decoding comprises differentially 
decoding in differential decoder 508, de-interleaving in 
de-interleaver 600, de-modulating in PSK de-modulator 
602, and convolutional decoding in convolutional decoder 
604. The decoding process is essentially the reverse of the 
coding process. Note that by introducing phase rotation at 
the rotators 512A, 512B in the receiver system 500, signal 
diversity can be introduced without adding phase rotation 
circuitry in the transmitter 400. 

It will be apparent to those in the art that variations to the 
transmitter and receiver circuits can be made without depart 
ing from the Spirit of the present invention. For example, 
Systems Substituting a QAM modulator and de-modulator 
for PSK modulator 406 and PSK de-modulator 602 in FIGS. 
2C,D, respectively, would still be in accordance with the 
present invention. Also, a plurality of transmitters and/or a 
plurality of receivers can be used to implement the present 
invention. 

In addition, it will be understood by those in the art that, 
with the exception of the analog-to-digital (A/D) converters 
and the digital-to-analog (D/A) converters, all of the com 
ponents in the transmitters and receivers identified in the 
detailed description and depicted in FIGS. 2A-D can be 
implemented in hardware, Software running on a processor 
or processors, or a combination of hardware and Software. 
The processing performed by the processor or processors 
can be accomplished by any of the following types of 
apparatus: microprocessor, microcontroller, processor, digi 
tal Signal processor, computer, State machine, or essentially 
any digital processing circuit. The A/D and D/A converters 
can be implemented using discrete components or Solid State 
technologies. 
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Implementation of Rotation 

In FIG. 2A, a phase shift keying (PSK) system is assumed 
So that D=CD-1, where D, is the complex data 
symbol component in the nth sub-carrier in the k" OFDM 
frame and C is the corresponding input at the PSK 
modulator 106A-i. In the preferred embodiment, each 
OFDM frame comprises 1000 sub-carriers. The transmitted 
baseband signal for the k" OFDM frame is denoted by s(t) 

1 W- 2itt (1) 
X. D, e's t e IkT., (k+1)T. 

VT 6. 

where T, the duration of an OFDM frame, is given by the 
Sum of symbol interval T. and a guard interval T. The 
number of Sub-carriers is N and the total bandwidth of the 
transmitted Signal is approximately N/T. Implementation of 
(1) is accomplished using an inverse discrete Fourier trans 
form (IDFT). 

The time varying channel response from the i' transmit 
station in the k” OFDM symbol interval is given as 

(2) 
h(t) =X hio(t-ti) 

=0 

where it is assumed that the channel is constant over the 
OFDM symbol interval T. For descriptive purposes, the 
digital audio broadcasting (DAB) proposed for North 
America Broadcasts will be used, however, the proposed 
diversity technique will be readily applicable in other SFN 
OFDM systems. In a system such as the proposed North 
America DAB system, we are interested in Ts270 us and the 
channel characteristics will be constant over this symbol 
duration even at reasonably high mobile Speeds. It is also 
assumed that the path delays, t, are Smaller than the guard 
interval, T. So that interSymbol interference can be avoided. 
If there are a large number of Sub-carriers the fading 
experienced by each Sub-carrier will be a constant. The 
frequency response of the channel at the nth Sub-carrier and 
at the k" OFDM symbol interval is denoted by H'. Using 
this and (1) the received baseband signal for the k" OFDM 
Symbol can be written as 

(3) 
H D, e''' + v (t) te (kT.(k+1)T.) 
O otherwise 

where I is the number of transmit stations from which a 
receiver receives signals of appreciable energy and V(t) is 
additive white Gaussian noise (AWGN). AWGN is noise 
having a frequency spectrum that is continuous and uniform 
over a specified frequency band. At the receiver, the Samples 
s' (k'T/N), k'-0, 1, . . . , N-1, are transformed using a 
discrete Fourier transform (DFT) and the resulting output 
can be given as 

(4) 

In the above, V, is the AWGN component. Note that in 
the above formulation we have ignored timing and carrier 
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8 
frequency offsets. R is then differentially decoded, 
deinterleaved and finally channel decoded. The output of the 
differential decoder is given by 

C. = R, R-1. (5) 
i1 3 p X. H. H. C. k + V, 

i. i2 

where V, is the noise component due to AWGN. The 
effective complex channel gain component is denote by 
T=X.H.H. The performance of the channel 
decoder depends on the correlation of its input Symbols. 
When the symbols at the input of the deinterleaver have a 
large degree of correlation the deinterleaver may not be able 
to decorrelate the Symbols at its output. If the channel 
frequency response coefficients, H., form a wide-sense 
stationary process, then the correlation coefficient of T is 

In this case indices n' and k" represent the frequency and time 
domains, respectively. 
From (5) it can be seen that the effective channel com 

ponent at the receiver is T =X. 2H, H-1. Consid 
ering the special case of flat fading channels from all the 
transmitters, since T is a constant for all values of n in a 
given OFDM symbol, frequency diversity is not available. 
However, in principle, Since there are I transmit Stations it 
should be possible to obtain I" order transmit diversity. If 
the Sub-carrier components of each transmit station are 
given a distinct phase offset, that is, D, is modified to 
De', where C is the phase angle applied to the data 
symbol of the n' sub-carrier at the i' transmitter. At the 
receiver, the n" sub-carrier component in the k" OFDM 
Symbol is now given by 

(7) 

In flat fading channels, even though H', is constant for 
different values of n, it can be seen that X, 'H'e' will 
vary with n. This is diversity acroSS the Sub-carriers and can 
be utilized to improve the performance of a coded OFDM 
System. Note that the phase offsets introduced at the trans 
mitters will complicate the demodulation process at the 
receiver. Since we are employing differential decoding, the 
phases, O', should be such that the component X,' 'H', 
ke' has little variations for successive values of n. That is 
(C-C) should be Small. Using computer simulations it 
may be observed that a 5 degree value for the above 
difference is Sufficient to give Satisfactory differential decod 
ing performance as well as to obtain the necessary diversity 
benefit. 

Using (5) and (7), the output of the differential detector is 
ii i r it ...i.5 12 (8) 

where V", is the noise component at the differential 
detector output due to AWGN. The effective complex chan 
nel gain at the differential detector output is now given by 
T-X, H.He -C). 

In this Section we assume Rayleigh fading channel char 
acteristics in (2) and derive expressions for the correlation 
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coefficient, p(n'k'), defined in (6). From (2) we have for the 
channel frequency response from the i' transmitter in the k" 
OFDM symbol interval 

Since the Sub-carrier spacing is I/T, the Sampled channel 
frequency response is 

i (10) 
H'(n, k) he 2ntiki/Ts) 

=0 

Note that in this case the Sub-carrier frequencies are 
indexed by n, and k represents the OFDM symbols. If the 
correlation of the channel for different frequency compo 
nents in the kth symbol is defined as 

C (n') = E H (n, k)H (n + n', k)} (11) 

where the complex channel gains, h", are Zero-mean and 
independent of each other as well as independent of the 
delays. For illustration, we will assume the OFDM symbol 
will have a large number of Sub-carriers. In the proposed 
North American terrestrial digital audio broadcasting DAB 
system there are about 1000 sub-carriers in an OFDM 
symbol. We already assumed that the time variations of the 
sub-carrier components within an OFDM symbol duration 
are negligible. AS Seen from (7) this transmit diversity 
technique affects the correlation across the Sub-carrier com 
ponents. For the reasons Set forth above, we are interested 
only in the variation of the correlation coefficient for dif 
ferent values of the frequency index, n', and not the time 
index, k". Since we are not considering the correlation for 
different values of the time index, the correlation coefficient 
that we are computing is p(n',0), denoted by p(n). Since we 
are assuming a Rayleigh fading channel, the frequency 
response components H'(n,k) in (10) form a Zero-mean 
complex-valued Gaussian proceSS. Let us choose the phases, 
C., from a wide-sense stationary process Such that the phase 
increment at the n' Sub-carrier, AO,-(C, -C'), is inde 
pendent for all values of n. Using the above it can be shown 
that 

- 2 (12) 

Next, consider the case where the transmit channels are 
statistically similar and let us assume that the channel 
delays, t, are uniformly distributed in (0,1). In this case, 
from (11) the correlation of channel frequency response can 
be written as 

, sin (id fT)n' (13) 

where the index i in C(n") has been dropped. 
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Three potential methods for varying the phase angle, C, 

will be presented. However, it will be readily apparent to 
those skilled in the art that other methods could be used to 
vary the phase angle which would produce desirable signal 
diversity characteristics. The phase angles are chosen in 
either a random manner or deterministically. 
First Method: C =in6. 

In this case a linear phase variation acroSS the Sub-carrier 
components is inserted, that is 

O'-ine, (14) 

where 0 is the step-size. Using this and (13) in (12), it can 
be shown that 

sint (td fT)n' sinn' led f2 f (15) 
t(td fT)n' Isinned f2 

In FIG.3, we plot the above correlation coefficient for two 
and three (I=2.3) transmitter cases. Since we assumed the 
transmit paths are Statistically identical, when 0 =0, the 
correlation will be independent of the number of transmitters 
and will be given by C(n") for the transmit channels 
t=T=0.01. In the North American DAB system, T=250 us, 
therefore, T-2.5 us. In the absence of the diversity Scheme 
(0=0), the correlation coefficient drops below 0.2 when the 
Sub-carrier Spacing is more than about 63. It can be seen that 
with two transmitters the correlation coefficient drops below 
0.2 for sub-carrier spacings of more than 28 and with three 
transmitters this number is about 16 Sub-carriers. Therefore, 
Significant performance improvements can be obtained 
using this diversity Scheme. In a preferred embodiment, to 
obtain the best performance from the channel decoder, the 
correlation coefficient should be an impulse-like function. 
Note that larger values of 0 give improved correlation 
properties, however, this is detrimental to current DPSK 
decoders. In this case, we used 0=5 deg., that is, the nth 
Sub-carrier will have a phase component given by 0 deg. at 
the first transmitter, 5xn deg. at the Second transmitter and 
10xn deg. at the third transmitter. For this case, this is 
Statistically identical to applying phase offsets Such as 2.5.xn 
deg. at one transmitter and -2.5.xn deg. at another transmit 
ter for the nth Sub-carrier at the transmitters in a two 
transmitter case, or 5xn deg., 0 deg., and -5xn deg. for the 
nth Sub-carrier at respective transmitters in a three transmit 
ter Case. 

Note that the linear phase variation given in (14) is a 
Simple delay at the transmitter. However, Since we are 
introducing these phase offsets on the complex data 
symbols, D., this will not add to the path delays and will 
not contribute to intersymbol interference in channels which 
have large path delayS. Also, because this is a delay, in Some 
cases, it could negate the channel diversity available because 
of the path differences. 
Second Method: C-C =i0, #1 

In this case, we will assume a random variation for the 
phase difference between Successive Sub-carriers, that is 

where 0, is an independent random process and is uniformly 
distributed in O, 0). In this case it can be seen that 

l ( a d 

2 (17) 
|C (n')? p(n') = sinied f 

it f2 
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For the Special case when there are two transmitters, that 
is I=2 and the index i=-1,1, and using C(n") in (13), 

(18) sint (taf Tl)n' sinied f2 r 

FIG. 4 depicts this for 0=5 deg. It can be seen that, as in 
the previous case, the correlation coefficient is significantly 
decreased. 
Third Method: C. -C=i0, #2 

Consider a random walk variation for C., that is 
C-C, 1=ie, (19) 

In this case, 0, is an independent proceSS and assumes the 
values t0, with equal probability. Using this it can be shown 
that 

IC, (027 X. (cosity 

For the Special case of two transmitters, I=2 and i=-1.1 we 
have 

sin (ta fT)n' (21) 

Simulation Results 

We now present simulation results to demonstrate the 
performance gains obtained using the transmit diversity 
technique of the present invention. In the Simulations we 
consider the proposed North American terrestrial DAB 
system. In this case N=1000, that is, there are 1000 Sub 
carriers in an OFDM symbol and the symbol duration 
interval is TS=250 us. The total bandwidth is 4 MHZ and this 
is centered at 2.4 GHz. We use a 4DPSK system with an 
interleaver of size 125x16, that is, one interleaver block 
contains a single OFDM symbol. In these simulations, we 
employ a 256-State, rate 1/2 convolutional code. The terres 
trial OFDM repeaters are assumed to be spaced 15 km apart. 

First we consider the line-of-Sight case from two trans 
mitters. The receiver in this case will See Strong direct 
signals from both transmitters and because of the differential 
path delays this leads to a Standing wave pattern in Space. 
FIGS. 5, 6 and 7 depict the bit error rates (BERs) at the 
center of the two transmit stations, 200 m from the center, 
and 1500 m from the center, respectively. In these cases we 
considered the Situation when a mobile receiver is moving at 
100 km/h toward one of the transmitters. The phase offsets 
introduced are linear as given in (14) with 0 =0, 5 and 10 
deg. As can be seen from FIGS. 5 and 6, when close to the 
center, the performance of the OFDM system is extremely 
poor and approaches an error flow at a BER of about 10 
performance gains. Note that the performance of the diver 
sity scheme for 0=5 deg. is better than for 0=10 deg. This 
is because of the large phase variations between Successive 
Sub-carrier components and the resulting difficulty in dif 
ferential decoding the signal. FIG. 7 shows the performance 
when the receiver is located 1500 m from the center posi 
tion. Because of the path delay difference the OFDM system 
works well even in the absence of the transmit diversity 
technique. However, as can be seen the transmit diversity 
scheme gives about a 5 dB gain at a BER=10 

Next, let uS consider a Rayleigh fading channel model. 
FIGS. 8, 9, and 10 show results for various receiver speeds 
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12 
and delay differences at the receivers in Single-path Rayleigh 
fading channels with and without transmit diversity in 
accordance with the present invention. In FIG. 8, the results 
are given when the delay difference between the two trans 
mitters is negligible and for a mobile speed of 100 km/h. 
Without the transmit diversity technique (trace a), the per 
formance of this System would be very poor. AS can be seen, 
the diversity Scheme (trace b) leads to very large gain in 
performance. Note that since the mobile speed is 100 km/h, 
time variations within the 250 us OFDM symbol are not 
negligible and this leads to an error flow at larger SNR 
values. FIG. 9 shows the case when the delay difference 
between the two transmitters is 1 uS and the mobile Speed is 
100 km/h. This delay difference lends itself to some fre 
quency diversity. AS can be seen by comparing trace b to 
trace a, introducing the transmit diversity technique gives 
rise to lower BERS. 
The performance of the OFDM system at 5 km/h and two 

transmitters is given in FIG. 10. These are single path 
Rayleigh fading channels with a path difference of 1 uS. 
Note that because of negligible time variations within an 
OFDM symbol, the performance of this system is better than 
the corresponding 100 km/h case. The diversity gain 
obtained for 0–5 deg. is about 4 dB at BER=10'. Note that 
because of the large variation across the Sub-carrier 
components, the performance of the System for 0=10 deg. 
is slightly worse than in the absence of this diversity 
technique. 

Having thus described a few particular embodiments of 
the invention, various alterations, modifications, and 
improvements will readily occur to those skilled in the art. 
Such alterations, modifications and improvements as are 
made obvious by this disclosure are intended to be part of 
this description though not expressly stated herein, and are 
intended to be within the Spirit and Scope of the invention. 
Accordingly, the foregoing description is by way of example 
only, and not limiting. The invention is limited only as 
defined in the following claims and equivalents thereto. 
What is claimed is: 
1. A method for improving diversity in a multiple trans 

mitter Orthogonal frequency division multiplexing System, 
comprising the Steps of: 

receiving a data Signal at a first transmitter and a Second 
transmitter; 

processing Said data Signal at Said first transmitter and at 
Said Second transmitter to generate a plurality of dif 
ferentially encoded complex Symbols at Said first and 
Second transmitters, and 

introducing first phase offsets to Said plurality of differ 
entially encoded complex Symbols at Said first trans 
mitter in the frequency domain to generate a first 
Stream of transmit Symbols; 

introducing Second phase offsets to Said plurality of 
differentially encoded complex Symbols at Said Second 
transmitter in the frequency domain to obtain a Second 
Stream of transmit Symbols; 

transforming Said first and Second streams of transmit 
Symbols from the frequency domain to the time 
domain; and 

transmitting Said first and Second streams of transmit 
Symbols in the time domain from Said first and Second 
transmitters, respectively, Such that Said first and Sec 
ond streams of transmit Symbols at Said first transmitter 
and at Said Second transmitter have unique phase off 
SetS. 

2. The method of claim 1, wherein said first phase offsets 
are Zero degrees. 

3. The method of claim 1, wherein said step of introducing 
first phase offsets comprises assigning a first unique phase 
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offset value to Said first transmitter and incrementally rotat 
ing each of Said plurality of differentially encoded complex 
Symbols more than a preceding one of Said plurality of 
differentially encoded complex Symbols by Said first unique 
phase offset; and 

Said Step of introducing Second phase offsets comprises 
assigning a Second unique phase offset value to Said 
Second transmitter and incrementally rotating each of 
Said plurality of differentially encoded complex Sym 
bols more than a preceding one of Said plurality of 
differentially encoded complex Symbols by Said Second 
unique phase offset, Such that a phase of each of Said 
plurality of differentially encoded complex symbols in 
Said first transmitter is different from a phase of cor 
responding differentially encoded complex Symbols in 
Said Second transmitter. 

4. The method of claim 3, wherein said first unique phase 
offset and Said Second unique phase offset are between 
negative 10 degrees and positive 10 degrees. 

5. The method of claim 4, wherein said first unique phase 
offset is Zero degrees. 

6. The method of claim 1, wherein said step of introducing 
first phase offsets comprises rotating each of Said plurality of 
differentially encoded complex symbols by a first random 
phase offset chosen from within a first range of determined 
phase offsets, and 

Said Step of introducing Second phase offsets comprises 
rotating each of Said plurality of differentially encoded 
complex Symbols by a Second random phase offset 
chosen from within a Second range of determined phase 
offsets, wherein Said first random phase offset and Said 
Second random phase offset are unequal. 

7. The method of claim 6, wherein said first and second 
ranges of determined phase offsets are between Zero degrees 
and positive 10 degrees. 

8. The method of claim 1, wherein said step of introducing 
first phase offsets comprises rotating each of Said plurality of 
differentially encoded complex symbols by a first randomly 
chosen phase offset within a range between a first negative 
value and a first positive value; and 

Said Step of introducing Second phase offsets comprises 
rotating each of Said plurality of differentially encoded 
complex Symbols by a randomly chosen phase offset 
within a range between a Second negative value and a 
Second positive value. 

9. The method of claim 8, wherein said first and second 
determined phase offsets are between Zero and 10 degrees. 

10. A method for transmitting a digital data Signal on a 
frequency division multiplex System using at least two 
transmitters, each transmitter corresponding to a communi 
cation channel, the method comprising the Steps of 

applying a channel code to a digital Signal to generate a 
Sequence of Sub-carrier Symbols; 

applying first phase offsets to Said Sequence of Sub-carrier 
Symbols in the frequency domain at a first transmitter, 
Said offsets unique to Said first transmitter, to obtain a 
first Sequence of phase offset Symbols; 

applying Second phase offsets to Said Sequence of Sub 
carrier Symbols in the frequency domain at a Second 
transmitter, Said offsets unique to Said Second 
transmitter, to obtain a Second Sequence of phase offset 
Symbols; 

a transforming Said first and Second Sequence of phase 
offset symbols from the frequency domain to the time 
domain; and 

transmitting Said first and Second Sequence of phase offset 
Symbols in the time domain from Said first and Second 
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transmitters, respectively, Such that frequency diversity 
is increased in the frequency division multiplex System. 

11. The method of claim 10, wherein said first and second 
phase offsets are introduced deterministically. 

12. The method of claim 11, wherein the phase difference 
between adjacent Sub-carrier Symbols at each of Said first 
and Second transmitters is less than 10 degrees. 

13. An Orthogonal frequency division multiplexing trans 
mission System for transmitting a data Signal comprising: 

a plurality of transmitters (i), each of Said transmitters 
comprising; 
a coder coupled to Said data Signal, Said coder gener 

ating a differentially encoded complex Signal com 
prising a plurality of complex Symbols (n); 

a rotator coupled to Said coder for introducing a phase 
offset in the frequency domain, Said offset unique to 
each of Said plurality of transmitters, to each of Said 
plurality of complex Symbols (n), wherein Said phase 
offset is unique for each of Said plurality of trans 
mitters (i); 

an inverse Fourier transformer coupled to Said rotator 
for transforming Said differentially encoded complex 
Signal from the frequency domain to the time domain 
to prepare Said differentially encoded complex Signal 
for transmitting, and 

wherein said transmitted plurality of differentially 
encoded complex Signals are capable of being received 
by a single receiver. 

14. The transmission system of claim 13, wherein each of 
Said coderS comprises: 

a convolutional coder coupled to Said data Signal; 
a quantary phase shift keyer coupled to said convolutional 

coder; 
an interleaver coupled to Said quantary phase shift keyer; 

and 

a differential coder coupled between Said interleaver and 
Said rotator, Said differential coder passing Said differ 
entially encoded complex Signal to Said rotator. 

15. The transmission system of claim 14, wherein said 
phase offset for the n' symbol of the i' transmitter is 

where 0 is the Step-Size. 
16. The transmission system of claim 15, wherein said 

Step-Size is a value chosen between 0 and 10 degrees. 
17. The transmission system of claim 14, wherein said 

phase offset for the n" symbol of the i' transmitter and said 
phase offset for a preceding Symbol has a phase difference 
given by 

O'C', -ie, 

where 0, is an independent random process and is uniformly 
distributed in O, 0), where 0 is the step-size. 

18. The transmission system of claim 17, wherein said 
Step-Size is a value chosen between 0 and 10 degrees. 

19. The transmission system of claim 14, wherein said 
phase offset for the nth symbol of the i' transmitter and said 
phase offset for a preceding Symbol has a phase difference 
given by 

where 0, is an independent process and assumes the values 
i0 with equal probability, where 0 is the step-size. 

20. An orthogonal frequency division multiplexing 
receiver System for receiving a data Signal comprising: 

a plurality of receivers (i), each of Said receivers com 
prising; 
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a receiver circuit coupled to receive a differentially 
encoded complex data Signal comprising a plurality 
of complex Symbols (n); 

a Fourier transformer coupled to Said receiver for 
transforming Said differentially encoded complex 
Signal from time domain to frequency domain; 

rotator coupled to Said Fourier transformer for intro 
ducing a phase offset in the frequency domain, Said 
offset unique to Said each of Said plurality of 
receivers, to each of Said plurality of complex Sym 
bols (n), wherein said phase offset is unique for each 
of said plurality of receivers (i); and 

a combiner for combining Said differentially encoded 
complex Signal in the frequency domain after rotat 
ing, and 

a differential decoder for decoding said differentially 
encoded complex Signal in the frequency domain after 
rotating and combining. 

21. The receiver system of claim 20, wherein said decoder 
comprises: 

a differential decoder coupled to Said combiner, 
a de-interleaver coupled to Said differential decoder; 
a quantary phase shift keyer de-modulator coupled to Said 

de-interleaver, and 
a convolutional de-coder coupled to Said quantary phase 

shift keyer de-modulator. 
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22. The receiver System of claim 21, wherein Said phase 

offset for the nth symbol of the i' receiver is 
i C.Fin0 

where 0 is the Step-Size. 
23. The receiver system of claim 22, wherein said step 

Size is a value chosen between 0 and 10 degrees. 
24. The receiver system of claim 21, wherein said phase 

offset for the nth symbol of the ith receiver and said phase 
offset for a preceding Symbol has a phase difference given by 

where 0, is an independent random process and is uniformly 
distributed in O, 0), where 0 is the step-size. 

25. The receiver system of claim 24, wherein said step 
Size is a value chosen between 0 and 10 degrees. 

26. The receiver system of claim 21, wherein said phase 
offset for the n, symbol of the i' receiver and said phase 
offset for a preceding Symbol has a phase difference given by 

where 0, is an independent process and assumes the values 
t0, with equal probability, where 0 is the Step-size. 
27. The receiver system of claim 26, wherein said step 

Size is a value chosen between 0 and 10 degrees. 
k k k k k 


